Abstract: During mating, the female Carolina ground cricket (Eunemobius carolinus (Scudder, 1877)) chews specialized spurs on the male's hind tibia for access to his hemolymph. One potential benefit to spur chewing includes nutritional acquisition from male hemolymph. A method for testing this hypothesis is to manipulate food quality or quantity, with the prediction that mating rate will increase as food quality or quantity decreases. We manipulated diet quality in adult females and provided them with four consecutive mating opportunities. We measured four aspects of mating behaviour (mating rate, latency to copulate, copulation duration, and spur chewing duration) and three of female fitness (egg number, egg-laying rate, and life span). Females of the two diet treatments did not differ significantly in any of the measured mating behaviours, although females fed a low-quality diet lived longer. Male life span did not correlate with any measured variable, although males that experienced more matings and longer total times of copulation and spur chewing lost more mass. These results suggest that spur chewing may be costly for males, although we detected no evidence that this behaviour was a benefit to the female or represented a form of male coercion.
Introduction
Females of many animals acquire nutrients from secretions provided by the mating male either by direct consumption or by absorbing them in their genital tract (Vahed 1998; Gwynne 2008) . These nuptial gifts include prey, seeds, glandular products, and even body tissues of the mating male (Vahed 1998; Gwynne 2008) . Nuptial gifts are commonly viewed as a material benefit that increases female fitness. But this has been challenged with the suggestion that gift ingredients may manipulate or coerce the female by increasing male fitness but not hers (Arnqvist and Nilsson 2000; Vahed 2007 ). This follows from the hypothesis that the two sexes have conflicting interests in the outcome of their reproductive strategies (Williams 1966; Dawkins 1976; Parker 1979; Arnqvist and Rowe 2005) . Females of many nuptial giftgiving species have evolved to mate with multiple partners at a rate beyond what is required to successfully fertilize all of their eggs (Arnqvist and Nilsson 2000) . Given that mating can be costly for females (Daly 1978) , such polyandrous mating suggests that nuptial gifts benefit the female and overcome those costs.
There is evidence in some species that nutritious gifts provide females with nutrients that increase the fitness of the male's own offspring (reviewed in Vahed 1998; Gwynne 2008) , and female fitness in nuptial gift-giving insects in-creased monotonically with increasing mating rate (Arnqvist and Nilsson 2000) . However, nuptial gifts provided by males are also likely selected for their ability to manipulate the female's mating rate (Arnqvist and Nilsson 2000; Vahed 2007) . In support of the coercion hypothesis, at least one study concludes that substances in the gift decrease female receptivity to additional matings (Sakaluk et al. 2006) . Effects of nuptial gifts on paternal investment and male relative mating success are not necessarily mutually exclusive, and in addition to selective advantages to males, it is important to study the effects of nuptial gifts on females (Vahed 1998; Arnqvist and Nilsson 2000; Gwynne 2008) .
If nuptial gifts provide direct benefits available from other sources (e.g., nutrients and (or) water), then there should be a negative correlation between female mating rate and direct benefit received from other sources (Boggs 1990) . A general method of testing this hypothesis involves manipulating the putative material benefit that the female receives from the nuptial gift (Gwynne 2008) . Under the material benefits hypothesis, resource-deprived females are predicted to increase their mating rate, decrease their latency to copulate, increase their copulation duration, and (or) increase their gift consumption. For example, poorly nourished female katydids (Kawanaphila nartee Rentz, 1993) increase their refractory period only when allowed to consume the spermatophylax donated by the mating male (Simmons and Gwynne 1991) . In another example, Ursprung et al. (2009) showed that female seed beetles (Callosobruchus maculatus (Fabricius, 1775)) with access to nutrients and water increase their mating frequency only in response to water deprivation (see also Edvardsson 2007; Fox and Moya-Laraño 2009) . This study suggests that polyandry in this beetle species provides material benefits to females that may offset some of the costs of associating or mating with males (den Hollander and Gwynne 2009). Finally, in a nursery web spider (Pisaura mirabilis Clerck, 1757) that uses nuptial prey, starved females accepted more copulations than fed individuals (Prokop and Maxwell 2009) .
Males of some ground crickets (Orthoptera: Gryllidae, Nemobiinae) donate hemolymph to their mates by allowing the copulating female to chew on specialized spurs on his hind legs (Mays 1971) . Female nemobiine crickets will mate with more than one male and females of the southern ground cricket (Allonemobius socius (Scudder, 1877)) gain material benefits from multiple mating (Fedorka and Mousseau 2002a) . There is also evidence that tibial spur chewing causes longer copulation duration in striped ground cricket (Allonemobius fasciatus (De Geer, 1773)), possibly indicating male control over insemination duration (Bidochka and Snedden 1985) . In this study, we tested for material benefits of tibial spur chewing in the Carolina ground cricket (Eunemobius carolinus (Scudder, 1877) ) by manipulating the nutritional content of female diet. We predicted that if females gain nutritional benefits from spur chewing, then females fed on a low-quality diet will mate more and sooner and will increase copulation and spur chewing durations relative to females fed a high-quality diet. In addition, as the one publication to describe mating behaviour in this species (Mays 1971 ) relied on observations of only two matings, the current study provides useful information on the basic mating behaviour of E. carolinus.
Materials and methods

Study animals
In September 2008, we collected adult E. carolinus from the campus of the University of Toronto Mississauga (43832'58@N, 79839'57@W). We used the first generation offspring of collected adults in the experimental trials. The experimental population was kept in a controlled environment room (25 8C, 70% relative humidity, 12 h light : 12 h dark photoperiod). We isolated the nymphs into individual plastic containers (9 cm diameter, 4.5 cm height) on the day that they hatched and weighed each to the nearest 0.1 mg (Mettler AE50 electronic balance) on the following day, hereafter termed moult mass. Each container had one vial of water plugged with cotton for moisture and a piece of egg carton for shelter. We fed the nymphs ground rabbit chow (Little Friends Rabbit Food, Martin Mills Inc.) for the first 2 weeks, after which they were fed whole pellets. Each day, we checked the nymphs for eclosion to adulthood and weighed any new adults.
Female diet manipulation
Upon adult eclosion, we randomly assigned adult females to one of two diet treatments. The low-diet treatment consisted of 67% rabbit chow and 33% cellulose powder (Keycel 200-CT; Canada Colours and Chemicals Limited, Brampton, Ontario, Canada), whereas the high-diet treatment consisted of 99% rabbit chow and 1% cellulose powder. Cellulose contains no nutritional material and its use in the high-diet treatment was to control for any effects of the substance on the females. The proportion of cellulose powder in our low-quality diet followed the methods of Wagner and Hoback (1999) who reported a diet effect on male calling effort in the field cricket Gryllus lineaticeps Stål, 1861 (see also Wagner and Harper 2003) . We fed adult males the nymphal diet of 100% rabbit chow pellets.
Mating trials
For the mating trials, we used male crickets between 4-and 11-days postadult eclosion and females between 5-and 12-days postadult eclosion. We systematically paired a female with a different male each day. Each female was given an opportunity to mate with one male once a day for four consecutive days. Experimental pairings were carried out in blocks of 16 females (8 high diet and 8 low diet) and 16 males. We orchestrated pairings so that individual males and females were paired only once and that each male in the block experienced 1 of the 16 possible sequences of females from each diet treatment (e.g., HLHL or LLLH; see Table 1 ). In this way, we could both control for the effects of order of female presentation on male mating behaviour, and investigate the effects of exposure to different females on male life span. We gave all individuals only one mating opportunity per day to allow males to replenish their nuptial gift contribution. We gave pairs 90 min to mate based on preliminary observations of latency to copulate and copulation duration in E. carolinus (E.K. Piascik, unpublished data). The mating trials were filmed in a sound-attenuating room using video cameras equipped with infrared lighting (models DCR-HC28, DCR-TRV38, DCR-TRV330, DCR-TRV740; Sony Corp., Tokyo, Japan). We placed each mat-ing pair in a small plastic Petri dish (5.5 cm in diameter and 1 cm high) with a filter-paper lining. We covered each individual with a small plastic cap for 2 min prior to the trials to allow for acclimation. The containers were positioned in sets of four beneath each of the four tripod-mounted cameras (i.e., four pairs per camera). We weighed all individuals to the nearest 0.1 mg (Mettler AE50 electronic balance; MettlerToledo Inc., Columbus, Ohio, USA) before and after each mating trial to assess mass changes associated with mating.
We noted whether copulation occurred from the matingtrial videos, and if so, then we recorded the latency to first successful copulation, which is measured as the time from introduction to a male until the start of copulation, and the copulation and spur chewing durations.
Fecundity and life span
Once mated, we gave each female a new water vial plugged with gauze, which replaced the water vial plugged with cotton. The gauze was used for oviposition and also as a water source, and we replaced it once a week. We measured total egg count as the total number of eggs collected from the gauze over the lifetime of the female. To measure the egg-laying rate, we divided the total number of eggs laid by each female by her life span (days) measured from the day after her fourth mating opportunity. We monitored survival daily and replaced the food and water weekly.
Statistical analyses
To test the prediction that nutrient-deprived females will increase their mating rate, we used a univariate general linear model (GLM) with mating rate as the dependent variable, diet as the independent variable, and female body size (mass at adult molt) and female age as covariates. To test for differences between the two diets in mating behaviour of those females who mated, we used a multivariate GLM with latency to copulate, copulation duration, spur chewing duration, and female mass change as dependent variables and diet as the independent variable. To determine any effects that the nutrition treatment had on total egg count and egg-laying rate, we used Student's t tests; for treatment effects on female life span, we conducted a Kaplan-Meier survival analysis. To test for effects on male life span, we used pairwise Spearman's rank correlations between the following variables: male postexperiment life span; number of matings; total mass change, total copulation duration, and total spur chewing duration over the course of the experiment; and body size (moult mass). Where appropriate, we adjusted for multiple testing using the sequential Bonferroni procedure (Holm 1979) . All analyses were conducted using SPSS version 10 (SPSS Inc., Chicago, Illinois, USA).
Results
Mating behaviour
In the single previous description of mating behaviour of E. carolinus, Mays (1971) observed two pairings. Here we describe mating encounters based on 70 complete mating sequences.
Upon first encounter with the female, the male stridulated and antennated her while swaying his body side to side. The male turned around and backed towards and then under the female. This lasted for a few seconds before the female dismounted from the male and the pair separated whereupon the male continued to court the female for 33-86 min. When the pair came in close contact again, the female remounted the male and engaged genitalia. It appeared as though the male only brought his hind leg forward after the genitalia became engaged. Once the leg was near the female's mouthparts, she mouthed the area and chewed the hind tibial spur. Chewing commonly continued throughout copulation on both hind spurs. No females fed without also copulating. In mating trials, copulation duration varied from 0.9 to 47.1 min. Copulation ended when the female turned around and dismounted. The female appeared to drag the male for a few minutes while still coupled. During the brief periods where the female stopped dragging the male, he produced a fast jerking motion that pushed her upwards and detached genitalia. After copulation, the female consumed the spermatophore while the male remained near but facing away. On two occasions a female cannibalized the male when they came in contact. The two males in question appeared less than vigorous prior to the mating trial.
Effects of diet
There were no significant differences between the lowquality and the high-quality diet treatments in female mass, as calculated from mass at the adult moult to mass before first mating opportunity (mass high-quality diet = 11.9 ± 0.9 mg (mean ± SE), mass low-quality diet = 10.7 ± 0.9 mg; Student's t test, t [48] = 0.922, p = 0.361; Fig. 1) . None of the interactions between female molt mass, age, and diet were statistically significant, and so were removed from the final GLM before evaluation of the main effects on mating rate. The females in the two diet treatments did not differ significantly in their mating rates (mating rate high-quality diet = 0.32 ± 0.04 mates/day, mating rate low-quality diet = 0.36 ± 0.04 mates/ day; GLM, F [1, 48] = 0.510, p = 0.479), and female body size did not affect mating rate (GLM, F [1, 48] = 0.038, p = 0.846), but there was a positive relationship between female age and mating rate (GLM, F [1,48] = 5.457, p = 0.024). Females that 
Note: H and L refer to females from the high-and low-quality diets, respectively.
were older at the start of the mating experiment were more likely to mate than younger females (Fig. 2) . Given the opportunity to mate with a male for four consecutive days, only four females mated three times and no females mated four times. Multivariate GLM for both the first and second matings with female age and moult mass as covariates revealed no significant three-or two-way interaction effects. These were removed from the final models. Results of the GLM lacking interaction terms revealed no significant effect of diet treatment on any of the mating variables in either the first (Pillai's Trace = 0.017, F [4, 37] = 0.165, p = 0.955; Table 2) or second matings (Pillai's Trace = 0.235, F [4, 15] = 1.118, p = 0.385; Table 2 ). Although not significant but consistent with our predictions during their second mating, there was a trend for females on the low-quality diet to copulate sooner than those on the highquality diet (Table 2, Fig. 3 ).
Treatment effects on female fitness
There were no significant differences between females fed the low-quality and high-quality diets in either their total fecundity (total fecundity high-quality diet = 67.3 ± 9.2 eggs, total fecundity low-quality diet = 76.5 ± 9.1 eggs; Student's t test, t [42] = 0.711, sequential Bonferroni, p = 0.481) or their egglaying rate (egg-laying rate high-quality diet = 3.94 ± 0.49 eggs/ day, egg-laying rate low-quality diet = 3.25 ± 0.39 eggs/day; Student's t test, t [42] = 1.107, sequential Bonferroni, p = 0.550). However, females fed low-quality diet lived significantly longer than individuals fed high-quality diet (life span high-quality diet = 24 ± 2 days, life span low-quality diet = 33 ± 3 days; Log Rank Statistic = 5.98, sequential Bonferroni, p = 0.045; Fig. 4 ). In addition, females that mated at least once lived longer and laid more eggs than those that failed to mate (life span mated = 28 ± 2 days, life span unmated = 14 ± 6 days; Log Rank Statistic = 6.12, sequential Bonferroni, p = 0.027) (total fecundity mated = 71.9 ± 6.4 eggs, total fecundity unmated = 16.8 ± 6.1 eggs; Student's t test, t [25.8] = 6.216, sequential Bonferroni, p < 0.001), although they did not differ in their egg-laying rate (egg-laying rate mated = 3.59 ± 0.31 eggs/day, egg-laying rate unmated = 3.73 ± 1.55 eggs/day; Student's t test, t [7.6] = 0.085, sequential Bonferroni, p = 0.934). We note, however, that individuals were not experimentally assigned different numbers of mates and so any differences between females that mated and those that did not may not be due to mating per se and are likely due to some other factor that may also be the cause of the different number of mates.
Correlations among mating behaviours and male life span
None of the measured variables correlated significantly with male life span (Table 3) . However, the number of matings correlated positively with the copulation duration and spur chewing duration of each mating, and male mass change correlated negatively with the male's number of matings, copulation duration, spur chewing duration, and moult mass (Table 3 ). Removal of males that failed to mate at least once did not change the direction or magnitude of any correlations, although in some cases the p value was only significant at a = 0.1 (data not shown).
Discussion
By manipulating the material benefits females receive during or directly after mating, it is possible to test whether nuptial feeding provides material benefits to females. If nuptial gifts donated by the male are providing general nutrients to the females, i.e., those available in the environment, then mating rates should increase when general sources are limited (Gwynne 2008; see Boggs 1990) . Our results with the nuptial feeding E. carolinus show that females fed a lowquality diet did not mate more often or sooner than females Fig. 1 . Change in mass (mean ± SE) for female Carolina ground crickets (Eunemobius carolinus) fed either a high-quality diet (N = 26) or a low-quality diet (N = 24). Change in mass was the difference between females' molt mass and their mass just before their first mating opportunity. Fig. 2 . Relationship between female mating rate and female age at the start of the mating experiment of Carolina ground crickets (Eunemobius carolinus). Diameter of data points is related to the number of observations with that combination of values (smallest = 1, largest = 6).
fed a high-quality diet, and when they did mate, they did not copulate or feed for longer. This suggests that females of this species may not receive direct benefits from multiple matings. In contrast, a study on A. socius did show that multiple mating provided a material benefit to females and that the size of the male's gift predicted female fitness (Fedorka and Mousseau 2002a) . Furthermore large male A. socius produce bigger gifts than small males (Fedorka and Mousseau 2002b) .
Although our findings suggest that spur chewing does not provide direct benefits to females, this behaviour may be costly to males. Our study showed that male mass loss correlated with both copulation and spur chewing durations. Therefore, longer copulations or spur chewing may result in males taking longer breaks from mating as they recoup lost energy reserves, although we were unable to detect a relationship between either copulation duration, spur chewing duration, or male size that would support this hypothesis (data not shown). Sakaluk et al. (2004) found that in sagebrush crickets (Cyphoderris strepitans Morris and Gwynne, 1978) , a species in which females feed on male hindwings during mating, nonvirgin males are less likely to remate as a result of female wing-feeding. Future work on E. carolinus could examine the condition dependence of male haemolymph gifts, as well as the effect of tibial spur chewing, on male immune function and life span.
In E. carolinus, there remains the possibility that specialized nutrients (unavailable elsewhere) are transferred during spur chewing, or that males pass chemicals in the ingested hemolymph that function as a chemical signal to the females, possibly as a form of coercion to increase male fitness. If coercion is the case and the benefits to males of coercion are high, then females should suffer some fitness cost as a result of mating and feeding on male tibial spurs (Clutton-Brock and Parker 1995) . In the field cricket Gryllus bimaculatus De Geer, 1773, females exposed to courtship and copulation had shorter life spans (Bateman et al. 2006) . However in our study, females that mated actually lived lon- *Sample sizes are 23 (high-quality diet) and 21 (low-quality diet) for the first mating, and 12 (high-quality diet) and 10 (low-quality diet) for the second mating.
ger and laid more eggs than those that failed to mate. Tibial spur chewing may also represent a form of male control over insemination (i.e., spermatophore attachment) duration (Bidochka and Snedden 1985) . However, we were unable to evaluate this possibility because we did not measure spermatophore attachment time. Future tests of any negative effect of ingesting male hemolymph should be investigated by manipulating the amount of hemolymph consumed by females and measuring the duration of insemination.
An alternative explanation for the lack of a diet effect on female mating behaviour is that the nutrient restriction in our low-quality diet treatment was insufficient to limit the hypothesized material benefit in female E. carolinus. Although in the predicted direction, the effect of our diet treatment on female body mass was not statistically significant (Fig. 1) . However, this was possibly due to the large measurement error caused by (i) the overall small body size of E. carolinus (mean mass at adult molt = 28.3 ± 0.7 mg) and the relative imprecision of our mass measurements (±0.1 mg) and (ii) variations in ambient humidity causing random fluctuations in individual water loss. Although we failed to detect any statistically significant difference between treatments in mass gain by female E. carolinus, the fact that females fed low-quality diet lived longer than females fed high-quality diet does indicate food stress because dietary restriction is known to extend the life span of animals (see Partridge et al. 2005) . Reduced life span and concomitant increased fecundity from overeating can in theory be coerced by male seminal products (tested and refuted for the fruit fly Drosophila melanogaster Meigen, 1830 by Barnes et al. 2008) . However, the hypothesis that food restriction in female crickets limited potential overfeeding induced by specialized substances in the hemolymph meal is not supported given our finding of no diet effects on fecundity.
The diet-related differences in life span (Fig. 4) but not egg laying rate or fecundity could be the result of lower power to detect differences in the latter two traits relative to life span. It is likely easier to detect differences in life span than in fecundity because the accuracy and precision of lifespan measurements increases with the effort of the experimenter (i.e., with the frequency of checking for dead individuals), whereas fecundity measurements are probably more sensitive to environmental factors such as the suitability of the oviposition substrate.
In our study, female E. carolinus who experienced their first mating opportunity at an older age had higher mating rates than females who encountered their first male at younger ages (Fig. 2) regardless of their diet treatment. This age effect is consistent with other studies showing that older virgin females are more likely to mate than younger ones (e.g., Kodric-Brown and Nicoletto 2001; Moore and Moore 2001) . However, if females do mate not long after sexual maturation, then this effect is of dubious interest (Judge et al. 2010) . Little is known about the mating rate and survivorship of E. carolinus in the wild, although we have heard males singing at our collection site from late summer until the first severe frost (K.A. Judge, personal observation). Tibial spur chewing provides a handy assay of male mating success, which could be used to measure selection on male E. carolinus in the wild as has been done for the ground cricket A. socius (Fedorka and Mousseau 2002c) .
This study provides further insight into the role of spur chewing during mating in E. carolinus by examining the effects on both female and male fitness. Although we did not find spur chewing to provide direct benefits to the female or represent a form of male coercion, our results do suggest that spur chewing may be costly for males given that male mass loss correlated with both copulation and spur chewing durations. To gain further understanding on the role of spur chewing in this cricket species, future studies should examine the relationship of both the gift size and the gift's chemical composition to female fitness. 
